Abstract -Tunable metasurfaces, whose functionality can be dynamically modified, open up the possibility of ultracompact photonic components with reconfigurable applications. Here we consider a graphene monolayer subject to a spatially periodic gate bias, which, thank to surface plasmons in the graphene, acts as a tunable and extremely compact metasurface for terahertz radiation. After characterizing its functionality, we show that it serves as the basic building block of an ultrathin complete absorber. In this subwavelength-thickness device, transmission and reflection channels are blocked and electromagnetic energy is completely absorbed by the metasurface building blocks. The proposed structure can be used as a modulator, and its frequency of operation can be changed by scaling its size or adjusting the doping level.
Introduction
Metasurfaces, the two-dimensional (2D) counterpart of metamaterials [1, 2] , consist of resonant subwavelength-sized building blocks arranged in planar arrays [3] . By appropriately designing the building blocks and their spatial arrangement, metasurfaces provide an ultra-thin platform for controlling electromagnetic (EM) waves [4] . There is currently a great interest in developing reconfigurable metasurfaces, which could be used as tunable ultrathin optical elements. Graphene, with its tunable carrier concentration and 2D character [5] , appears as a material with substantial potential for this purpose. Interestingly, metasurfaces may take advantage of the long-lived surface plasmons sustained by graphene at terahertz (THz) frequencies [6] [7] [8] , which have very short wavelengths and are extremely confined to the sheet [9] [10] [11] [12] [13] [14] [15] [16] [17] . This results in a greatly enhanced interaction between graphene and EM radiation, which places graphene as an excellent platform for the design of reconfigurable ultrathin metasurfaces [18, 19] .
In this work we consider a graphene metasurface based on a monolayer of this 2D material whose conductivity is spatially modulated on a subwavelength scale, see Figure 1a . By means of analytical expressions derived with the help of transformation optics [20, 21] , which we demonstrate to be in excellent agreement with full electrodynamic simulations, we characterize the optical spectrum of this metasurface. Next, we utilize this tunable metasurface as building block for the design of a perfect absorber, see Figure 1b , one of the relevant functionalities of these ultrathin platforms for modulating EM radiation [22, 23] .
This manuscript is structured as follows. In Section 2 we consider a plasmonic metasurface composed of a graphene monolayer with spatially modulated conductivity. Next, in Section 3 we design an ultrathin perfect absorber based on the plasmonic metasurface. Finally, in Section 4 we summarise the main conclusions of this work.
2 Graphene with spatially periodic conductivity: a plasmonic metasurface
We start by considering a plasmonic metasurface based on a graphene monolayer with spatially periodic conductivity [24, 25] . The configuration we propose is sketched in Figure 1a . A graphene sheet is placed on top of a substrate (enclosed by permittivies e 1 and e 2 ), and subject to a spatially periodic bias, generated for instance by gating the graphene electrostatically, which can be dynamically controlled. This results in a periodic modulation of the sheet's conductivity, which we assume to be sinusoidal,
Here, r g is the conductivity of the homogeneously biased graphene, 2pc is the periodicity and {a 0 , a 1 } depend on the modulation strength, that we characterize through a single parameter w 0 . In our calculations, we model the conductivity of graphene by a Drude model, which neglects interband contributions and is a good approximation at sufficiently low frequencies and high doping levels, such as at THz frequencies. Within this Drude description, the conductivity reads as,
where a ¼ e 2 l=p" h 2 is the Drude weight and c g = 1/s is the collision frequency. Here, l and s are the chemical potential and the scattering time for electrons, respectively, with s ¼ ml=ev 2 F (m is the mobility and v F % 10 6 m/s the Fermi velocity). In this work, we use the parameters a = 76 GHz/X and c g = 1.5 THz, which correspond to l = 0.65 eV and m = 10 4 cm 2 /V s. The conductivity grating established via periodic doping allows for free space radiation to couple into the surface plasmons sustained by the graphene layer, which have much shorter wavelength [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Hence, the modulation period needs to be much smaller than the wavelength of incident radiation (k 0 ) 2pc). In this regime, the modulated graphene sheet appears as a homogeneous layer for incident radiation, that is, it acts as a metasurface characterized by an effective conductivity.
A graphene sheet with spatially periodic conductivity can be related to a homogeneously biased graphene layer through a conformal transformation (see Refs. [24, 25] for more details). Hence, in the electrostatic limit, both structures have the same plasmon resonance condition [35, 36] . By applying the transformation optics framework, this analytical mapping allows to derive closed expressions for the reflection and transmission coefficients of the modulated graphene for p-polarized radiation at normal incidence,
Here, e j and e i are the permittivities of the incidence and transmission sides of the interface, g 0 ¼ ffiffiffiffiffiffiffiffiffiffiffi l 0 =e 0 p is the impedance of free space and r eff (x) is the effective conductivity of the graphene metasurace. In particular, r eff (x) = r g (x) N TO , where r g (x) is the conductivity of homogeneously biased graphene (Eq. (2)) and N TO is an analytical factor that contains all the details on geometrical and modulation parameters and dielectric environment, N TO (x, c, w 0 , e 1 , e 2 ). It can be written in terms of the Fourier expansion coefficients of the conformal transformation and the electrostatic potential expansion (explicit expressions can be found in Refs. [24, 25] ). Then, transmittance and reflectance through the modulated graphene are given by R = |r| 2 and
Finally, we note that while the exact shape of the conductivity grating is given by the conformal transformation, the sinusoidal shape we assume is a very good approximation as long as in our calculations the graphene sheet is placed far away from the branch points in the transformed space (see Refs. [24, 25] for more details). On the other hand, the modulation strength w 0 relates to the parameters {a 0 , a 1 } in equation (1) through the conformal transformation. The relation between w 0 and {a 0 , a 1 } is uniquely defined, and both a 0 and a 1 increase as w 0 increases. See Ref. [25] for explicit expressions of their relation. The shape of the conductivity modulation for different values of w 0 is shown in Figure 1c . It is worth noting that our analytical approach allows us to handle strongly modulated gratings. Figure 2a shows the reflectance and absorption spectra of the graphene metasurface as a function of modulation strength, w 0 , as calculated from the analytical expressions given by transformation optics (through Eqs. (3) and (4)). The periodicity is 2pc with c = 400 nm and the graphene layer is placed on top of a substrate of refractive index 1.5. Coupling of radiation to the plasmon dipole mode is responsible for the resonant feature appearing both in reflectance (upper panel) and absorption (lower panel). This resonance is at the same frequency (13 THz) for all the values of the modulation strength because all the set of metasurfaces with the same periodicity map into the same homogeneously biased graphene through the conformal transformation. For this reason, the resonance frequency of the plasmon resonance is fixed in all cases by that of a graphene sheet with unmodulated conductivity,
where k is the plasmon parallel momentum, i.e., the wavevector component along x. Hence, given a periodicity, the plasmon resonance is at the same frequency for all gratings. On the other hand, the intensity and width of the resonance peak depend on the modulation strength.
The peak in reflectance grows as w 0 increases, since the coupling of the incident wave to the plasmon mode is larger for stronger modulations. Hence, shallow modulations yield a small increase in reflection at resonance (see the spectrum for w 0 = 1 in the upper left panel of Figure 2b ), and increasing the modulation strength results in an appreciable increase of reflection. For w 0 = 3, reflectance grows to~80% (while transmittance approaches 0, see upper right panel). On the other hand, radiation damping increases with coupling, which results in the absorption spectra reaching a maximum for low values of the modulation strenght, w 0~1 . In addition, the maximum value of absorbance in the metasurface, see for instance Ref. [18] , is limited to,
In this case, A 12 max ¼ 0:4, consistent with the maximum value obtained in the calculations. Finally, the lower panels in Figure 2b show the relative phase of the reflected and transmitted radiation, which take values spanning a range smaller than p.
Ultrathin perfect absorber
Here we design an ultrathin metasurface for perfect absorption, formed by combining the already described graphene metasurface with a subwavelength optical cavity, see Figure 1b . A graphene monolayer with effective conductivity r eff (x) is separated by a dielectric spacing layer (thickness d, permittivity e 1 ) from an optically thick metal film. For incident radiation, the graphene metasurface acts as a partially reflecting mirror, while the metal at the back acts as a perfectly reflecting mirror. Hence, this structure forms an asymmetric Fabry-Perot resonator capable of achieving perfect absorption [19, [37] [38] [39] . The mechanism underlying complete absorption is the interplay between suppressed reflection owing to destructive interference and on-resonance absorption at the metasurface.
Assuming a plane wave at normal incidence, we start by writing the matching equations for the field amplitudes in each region of space (E ref , E inc and E ± , see Figure 1b ), as follows:
Here, k is the wavenumber in the cavity, k = 2pn 1 /k 0 , and the different reflection coefficients correspond to the e 2 /r/e 1 and e 1 /e m interfaces as the subindexes indicate. In particular, r 12 and r 21 correspond to reflection from the graphene metasurface, and have the analytical form given in equation (3), while r 1m = À1 (assuming a perfect metal). From this, we can extract the reflection coefficient of the whole system as r ¼ 
and reflectance as R ¼ jrj 2 . Figure 3a presents the reflectance spectrum (left) and the relative phase of reflected radiation (right) as the dielectric spacer thickness, d, varies. The graphene metasurface has the same periodicity as in Figure 2 , and w 0 = 3 was chosen to optimise the structure for a thickness of 1 lm. The plots show how for this structure reflectance displays resonant minima that reach R = 0, which implies 100% absorption since the transmission channel is supressed. Such minima are located close to the resonance frequency of the plasmonic metasurface, and periodically displayed as the dielectric layer thickness varies. First, the large coupling between radiation and the plasmonic metasurface results in enhanced absorption close to the plasmon resonance frequency~13 THz. Then, the plasmon mode sustained by the metasurface interacts strongly with the Fabry-Perot resonances in the cavity, giving rise to the anticrossing features visible in the spectrum. Furthermore, this compact structure also provides a phase shift of the reflected wave spanning between Àp and p, as opposed to the more limited phase shift observed for the isolated graphene metasurface (see Figure 2b) . The condition for complete absorption in the structure is r = 0 or, equivalently,
From this equation it is clear that the phase accumulated within the cavity, 2kd, does not have to be close to p, which makes it possible to achieve the critical coupling condition with a spacing much smaller than the wavelength, d ( k. In addition, note that perfect absorption can be achieved even if the back reflector is not a perfect metal (r 1m 5 À1), since equation (11) can still be satisfied. The case for a cavity of d = 1 lm is shown in panel (b), which displays completely suppressed reflection, R = 0, thanks to maximum absorption, A = 100%, at f = 12.5 THz. This corresponds to a wavelength of incident radiation of k = 24 lm. Hence, the total thickness of the structure is much smaller than the wavelength of operation, in particular d = k/24. It is important to notice also that the frequency where perfect absorption occurs, f = 12.5 THz, is blue-shifted with respect to the surface plasmon condition of the graphene metasurface, f = 13 THz. While at the surface plasmon resonance frequency, for w 0 = 3, the metasurface reflects most part of the signal and absorption is very low (see Figure 2a) , at a blue-shifted frequency the reflection and transmission coefficients are such that the critical coupling condition, equation (11), is exactly satisfied and perfect absorption is achieved.
Finally, we discuss the effect of c g in the bandwidth of operation. Losses in the graphene directly control the width of the plasmon resonances in modulated graphene: lower c g implies sharper resonances. On the other hand, while decreasing c g also reduces the operation bandwidth of the metasurface absorber, it also has an effect on the position of the minimum absorbance resonance. This is because changing the conductivity of graphene affects the critical coupling condition through the reflection and transmission coefficients of the modulated graphene (Eq. (11)). As a general rule, decreasing c g moves the perfect absorption minimum to smaller values of d as the bandwidth is reduced.
Conclusions
To summarize, we have considered a plasmonic metasurface based on a graphene monolayer subject to a periodically modulated doping. By means of analytical expressions for the normal incidence reflection and transmission coefficients through a graphene sheet with a spatially modulated conductivity with a sinusoidal profile, we have characterized the performance of this metasurface showing strong resonant features due to efficient coupling to surface plasmons.
In the second part of this work, we have studied an ultrathin perfect absorber, capable of reaching 100% absorption while being much thinner than the wavelength of radiation, d = k/24. This is achieved by coupling the graphene metasurface to a subwavelength optical cavity, which allows for minimizing reflection when the critical coupling condition is achieved. Since the transmission channel is suppressed, total absorption is achieved. Hence, this ultrathin structure serves as a modulator operating at THz frequencies with modulation depths approaching 100%, which could be modulated at a speed of up to tens of GHzs [38] . Furthermore, this structure has the potential of rendering omnidirectional perfect absorption by using a graphene metasurface with periodically modulated conductivity along two directions [25] , which presents an isotropic response to incident radiation.
